Introduction
============

The interest in polycyclic aromatic hydrocarbons (PAHs) has grown over the past decade due to their stability, tuneable properties and versatility.[@cit1]--[@cit3] This has made them ideal candidates for use as semiconductors in the next generation of organic electronic components.[@cit4],[@cit5] Moreover, the electronic properties of PAHs are intimately related to their structure; therefore small modifications in their scaffold can lead to vastly different optical and electronic properties.[@cit6]--[@cit14]

Truxene is a C~3~-symmetric PAH that has been intensively studied for the past 15--20 years.[@cit15] In particular, it has been used as a precursor to polyarenes,[@cit16],[@cit17] liquid crystals[@cit18],[@cit19] and hemi-fullerenes,[@cit20],[@cit21] all of which have potential to be used in organic electronics.[@cit22] Many truxene derivatives have been synthesised[@cit23]--[@cit25] and utilized for their light emitting and light harvesting properties[@cit26]--[@cit28] while other analogues have found applications in dendrimers,[@cit29]--[@cit31] gels,[@cit32],[@cit33] photoresists,[@cit34],[@cit35] fluorescent probes,[@cit36],[@cit37] and two photon absorbers.[@cit38],[@cit39]

The B--N bond is quasi-isosteric and isoelectronic with the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C bond,[@cit40],[@cit41] except that it is more polarized[@cit42] due to the difference in electronegativity between the B and N atoms. Therefore, replacing a C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C with a B--N in a PAH will lead to quasi-identical geometries but drastically different electronic structures.[@cit43] This concept has been at the core of the development of BN doped graphenes and BN-PAHs. Borazine containing PAHs are prone to hydrolytic decomposition which delayed the development of this field.[@cit43] In most cases, this reactivity is mitigated by steric bulk,[@cit44],[@cit45] introduction of electron rich substituents or structural confinement of the borazine ring.[@cit45]--[@cit52]

Results and discussion
======================

Herein we introduce a new class of borazine-PAHs that are moisture stable[§](#fn3){ref-type="fn"} [^3] and easy to synthesise. Borazatruxenes are truxene analogues in which the central benzene core has been replaced by borazine. The B atom is directly linked to the phenylene rings which are connected *via* a methylene bridge to the N atom of the borazine core. This particular arrangement is responsible for the borazatruxenes\' hydrolytic stability. Borazatruxenes **1--3** were synthesised according to the synthetic pathway illustrated in [Scheme 1](#sch1){ref-type="fig"}.

![Synthesis of borazatruxenes **1--3** from substituted 2-formylphenylboronic acids; the isolated yields for each derivative are given after their descriptor. (a) (i) H~2~O, 45 °C, 15 min, (ii) NH~2~OMe·HCl (1.3 equiv.), 10% NaOH (w/w%) pH 7, (iii) reflux, 15 min; (b) LiAlH~4~ (3 equiv.) THF, --78 °C, then room temperature, followed by heating to reflux, 3 h; (c) PhMe, μW irradiation, 2 h, 180 °C. The numbering scheme adopted for the borazatruxenes is also shown for compounds **1--3**.](c9sc02489a-s1){#sch1}

Commercially available *meta*- and *para*- substituted 2-formylbenzeneboronic acids were reacted with methoxyamine hydrochloride under refluxing conditions for 15 minutes in water (pH 7) to produce compounds **8--10** in high yields (70--90%). LiAlH~4~ in THF was added dropwise to a solution of phenylboronic acid derivatives **8--10** in THF at --78 °C, the mixture was allowed to warm to room temperature followed by heating to reflux for 3 hours. In all cases, the amine-borane[@cit53] product **11--13**, a BN analogue of indane, was isolated in excellent yields (85--90%). Trimerisation[@cit54] of **11--13** under microwave-assisted conditions afforded the desired borazatruxenes **1--3** in 56--65% yields as white solids after a simple filtration/washing protocol.

Due to the limited number of commercially available 2-formylphenylboronic acids and their relatively lengthy syntheses, a second pathway was devised in order to obtain functionalised borazatruxenes ([Scheme 2](#sch2){ref-type="fig"}). 2-Cyanobenzene-boronic esters **14--17** were synthesised from *meta*- and *para*- substituted benzonitriles. The benzonitriles were reacted with lithium tetramethylpiperidine (LTMP) and B(O^i^Pr)~3~ at --78 °C, followed by slow warming to room temperature (20 °C) overnight to afford the respective *ortho*- substituted 2-cyanophenylboronic acid. The reaction was quenched using AcOH (2.2 equiv.) followed by an *in situ* protection of the boronic acid with 1,3-propanediol. The use of a protecting group is key for isolation of **14--17**, and the choice of 1,3-propanediol allows the reduction to the corresponding amine-borane products **18--21** in very good yields (65--95%), without requiring a further deprotection step ([Scheme 2](#sch2){ref-type="fig"} and ESI[†](#fn1){ref-type="fn"}). Using more robust protecting groups, such as pinacol or neopentyl glycol, results in the reduction of the CN group to the corresponding 1° amine while the protected boronic acid remains intact under the reduction conditions utilised. Trimerisation of amine-boranes **18--21**, using microwave assisted synthesis in dry toluene at 180 °C for 2 hours, provided borazatruxenes **4--7** in 50--70% yields. Two additional borazatruxenes, **8** and **9** ([Scheme 3](#sch3){ref-type="fig"}), have been synthesised in order to expand the scope of the reaction to larger PAHs and chiral derivatives (*vide infra*), respectively.

![Synthesis of borazatruxenes **4--7** from substituted benzonitriles; the isolated yields for each derivative are given after their descriptor. (a) (i) LTMP (*in situ*: *n*-BuLi 2.5 M in *n*-hexane (1.5 equiv.) and TMP (1.5 equiv.)), THF, --10 °C, (ii) B(O^i^Pr)~3~ (2.0 equiv.), --78 °C, benzonitrile (1.0 equiv.) then room temperature, 16 h, (iii) AcOH (2.2 equiv.), 1,3-propanediol (6.0 equiv.); (b) LiAlH~4~ (5.0 equiv.) THF, --78 °C, then room temperature, followed by μW irradiation, 1.5 h, 90 °C; (c) PhMe, μW irradiation, 2 h, 180 °C.](c9sc02489a-s2){#sch2}

![Synthesis of naphthylborazatruxene **8** from 1-naphthonitrile and the chiral trimethylborazatruxene **9**, the reported yields are over three steps. (a) (i) LTMP (*in situ*: *n*-BuLi 2.5 M in *n*-hexane (1.5 equiv.) and TMP (1.5 equiv.)), THF, --10 °C, (ii) B(O^i^Pr)~3~ (2.0 equiv.), --78 °C, benzonitrile (1.0 equiv.), then room temperature, o.n, (iii) AcOH (2.2 equiv.), 1,3-propanediol (6.0 equiv.); (b) LiAlH~4~ (3.0 equiv.) THF, --78 °C, then room temperature, followed by reflux, 48 h; (c) PhMe, μW irradiation, 2 h, 180 °C; (d) NH~2~OMe·HCl (1.2 equiv.), MeOH, 36 °C, 16 h; (e) LiAlH~4~ (5.0 equiv.) THF, --78 °C, then room temperature, followed by μW irradiation, 1.5 h, 90 °C; (f) PhMe, μW irradiation, 2 h, 180 °C.](c9sc02489a-s3){#sch3}

Borazatruxene **1** is soluble in organic solvents of medium polarity. This is in stark contrast to the parent truxene, which has very poor solubility in most common solvents.[@cit15] The halogenated borazatruxene derivatives have significantly lower solubility compared to **1**, which is likely due to their increased molecular weight. The ^1^H-NMR of **1** (CDCl~3~, 300 MHz) indicates that the aromatic protons closest to the borazine rings are most deshielded (8.03--8.05 ppm) while the external ones experience a lower influence of the BN anisotropy with chemical shifts in the range of 7.42--7.59 ppm. The ^11^B NMR spectrum (CDCl~3~, 96 MHz) displays a peak resonating at 37.2 ppm which is in good agreement with a typical ^11^B chemical shift of a substituted borazine. The UV-vis spectrum of **1** shows a very intense and broad absorbance centered at 250 nm followed by three distinct peaks of lower intensity at 279.5, 272.0 and 265.0 nm. These peaks are blue shifted compared to corresponding truxene ones, thus highlighting that introducing BN bonds into the all-carbon system increases the HOMO--LUMO gap ([Fig. 3](#fig3){ref-type="fig"}). The borazatruxenes have higher quantum yields than the corresponding all-carbon derivatives. Borazatruxenes **5** and **8** aggregate at concentrations higher than 0.05 mM, while compounds **3**, **5** and **6** are non-emissive. The variable temperature UV-vis and emission spectra, as well as the excitation spectra for the molecules that exhibited emission, are collated in the ESI, Fig. S10--S18.[†](#fn1){ref-type="fn"} The extinction coefficients, quantum yields and the excitation and emission wavelengths are collated in [Table 1](#tab1){ref-type="table"}.

###### Collated UV-vis and fluorescence spectroscopic data of borazatruxenes **1--9**[^*a*^](#tab1fna){ref-type="fn"}

  Borazatruxene   *λ* ~ex~ (nm)   *ε* (L mol^--1^ cm^--1^)   *λ* ~em~ (nm)   *Φ* [^*b*^](#tab1fnb){ref-type="table-fn"} (A)
  --------------- --------------- -------------------------- --------------- ------------------------------------------------
  **1**           279.5           10 650                     294             0.065
  **2**           285.5           10 280                     301             0.104
  **3**           287.5           12 950                     380             --[^*c*^](#tab1fnc){ref-type="table-fn"}
  **4**           290             6740                       305             0.099
  **5**           290             2880                       294             --[^*c*^](#tab1fnc){ref-type="table-fn"}
  **6**           289             4410                       298             --[^*c*^](#tab1fnc){ref-type="table-fn"}
  **7**           278             6563                       301             0.039
  **8**           298.5           7930                       304             --[^*c*^](#tab1fnc){ref-type="table-fn"}
  **9**           272             3177                       293             0.038[^*d*^](#tab1fnd){ref-type="table-fn"}

^*a*^HPLC grade CHCl~3~.

^*b*^Determined using anthracene standard.

^*c*^Not determined due to aggregation.

^*d*^The solvent was *n*-hexane : 2-propanol 9 : 1.

There are four possible optical isomers of borazatruxene **9** despite having three stereogenic centres. This is because the molecule has C~3~ symmetry which makes the (*R*,*R*,*S*) isomer identical with the (*R*,*S*,*R*) and (*S*,*R*,*R*) isomers. Therefore, the only possible isomers are the enantiomeric pairs *syn*: (*R*,*R*,*R*) and (*S*,*S*,*S*) with all three methyl groups located on the same side of the borazatruxenes plane, and *anti*: (*R*,*R*,*S*) and (*S*,*S*,*R*), where one methyl is on the opposite side of the plane with respect to the other two ([Scheme 3](#sch3){ref-type="fig"}). The *syn* and *anti* enantiomeric pairs can be readily separated because the *syn* isomer is more soluble in an 8 : 2 *n*-hexane : CH~2~Cl~2~ mixture and thus it can be isolated through recrystallisation. Furthermore, all four stereoisomers can be separated using a Chiralpak OD chiral column (details in the ESI[†](#fn1){ref-type="fn"}). The selectivity factor for the *syn* enantiomers is 1.92 (98 : 2 *n*-hexane : propan-2-ol, 0.5 ml min^--1^) while the *anti* enantiomers are separated with a selectivity factor of 1.17 (99 : 1 *n*-hexane : propan-2-ol, 0.5 ml min^--1^). The Circular Dichroism (CD) spectra of the two enantiomeric pairs *syn* (*R*,*R*,*R* and *S*,*S*,*S*) and *anti* (*R*,*R*,*S* and *R*,*S*,*S*) of chiral derivative **9** display strong Cotton effects on both the arene and borazine absorbance. The identification of all four isomers was possible by comparing the experimental ([Fig. 1](#fig1){ref-type="fig"}) with the computed (*vide infra*) CD spectra.

![Top: UV spectrum of (*R*,*R*,*R*)-**9** (![](c9sc02489a-u1.jpg){#ugr1}); bottom: the CD spectra of the two enantiomers of the *syn* isomer of **9**, along with the computed CD spectrum (sTDDFT) of the (*R*,*R*,*R*)-**9**.](c9sc02489a-f1){#fig1}

The molecular structure of BN-indane **11** ([Fig. 2](#fig2){ref-type="fig"}) was obtained from the X-ray analysis of single crystals grown by slow evaporation from an ethyl acetate solution. This compound crystallised in the centrosymmetric monoclinic space group *P*2~1/*n*~ with four molecule units per unit cell packed in staggered array motif.

![(a) Molecular structure and (b) unit cell of BN-indane **11**.](c9sc02489a-f2){#fig2}

The distance between boron and nitrogen atom is 1.637 Å consistent with an N → B Lewis-type interaction. There are two weak NH···π intermolecular interactions between the amine group with the aromatic rings of two neighbouring molecules: N···Ph(C2--C7) distance of 3.239 Å and N···Ph(C3, C4, C5) distance of 3.339 Å.

Structural proof of borazatruxene **1** came from an X-ray diffraction analysis of single crystals grown by slow evaporation from a CH~2~Cl~2~ solution. [Fig. 3A](#fig3){ref-type="fig"} shows a top view of the X-ray structure of **1**, which crystallises in a *P*2~1~/*c* space group. This compound forms a staggered L-shaped configuration in the unit cell ([Fig. 3C](#fig3){ref-type="fig"}) where weak CH···π bonding is seen between C6 and C19 with the close contact distance being 3.801 Å. The π surfaces are also aligned parallel to one another with the closest distance between B2 and C16 being 3.561 Å.

![(a) Top view of the molecular structure of **1**;[@cit44] (b) the molecular structure of **1**, as determined by X-ray crystallography, overlaid (RMSD = 0.0603) with the computed structure for **1** in red, translated to (*x* + 1/2, *y*, *z* + 1/2) with respect to the X-ray coordinates; (c) packing structure highlighting the CH···π and aromatic π···π interactions.](c9sc02489a-f3){#fig3}

Single crystals of the *syn* isomer of **9** were obtained from a 9 : 1 hexane : 2-propyl alcohol mixture. The X-ray diffraction revealed that the (*R*,*R*,*R*)-**9** and (*S*,*S*,*S*)-**9** co-crystallised in the *R*3\[combining macron\] space group. In this structure the two enantiomers adopt a 60° rotated face-on stacked arrangement with an intermolecular B--N distance of 3.749 Å and the Me groups pointing outwards ([Fig. 4](#fig4){ref-type="fig"}).

![(a) Angled view of the molecular structure of *syn*-**9**;[@cit44] (b) stacking detail of the two enantiomers present in the structure. (c) Packing structure highlighting the layers and columns (d) present in the crystal structure.](c9sc02489a-f4){#fig4}

The molecules pack in an off-set columnar arrangement with a distance of 1.981 Å between two sequential planes of distinct columns.

The X-ray determined structure of **1** allowed us to validate a series of molecular modelling parameters used to predict the geometry of borazatruxenes **1--9**. [Fig. 3b](#fig3){ref-type="fig"} shows the translated (*x* + 1/2, *y*, *z* + 1/2) overlay of the experimentally determined (X-ray diffraction) co-ordinates and the computed ones. Geometry optimisations were performed using M06-2X,[@cit55] M11,[@cit56] M11-L[@cit57] or B3LYP[@cit58],[@cit59] exchange-correlation functionals and various basis sets as implemented in the *Gaussian 16* software. Also, TD-DFT[@cit60],[@cit61] (sTDDFT[@cit62]) methods were employed to calculate the UV-vis and CD spectra with the above mentioned functionals (Fig. S8 and S21[†](#fn1){ref-type="fn"}), the best prediction for the CD spectra being obtained by M06-2X, while the closest agreement for the UV-vis spectra being given by the M11-L functional (Table S11[†](#fn1){ref-type="fn"}). Similarly the AICD properties (Fig. S22[†](#fn1){ref-type="fn"}) of borazatruxenes can be predicted at the M06-2X/6-311G level. A short study of the required geometry optimization time *versus* the agreement to experimental X-ray data (Table S10, Fig. S20[†](#fn1){ref-type="fn"}) yields M06-2X and M11 functionals along with 6-31G and 6-31G(d,p) basis sets as excellent choices for the modelling of borazatruxenes geometries while using reasonable computation resources.

Conclusions
===========

In summary, we have developed the synthesis of a new class of BN-PAHs that incorporate a borazine unit in place of the central benzene core of a truxene. These derivatives have higher solubilities than the parent all-carbon derivatives and can be synthesised in three steps from commercially available starting materials. These derivatives are air and moisture stable which is in contrast to the majority of non-sterically hindered borazines. We have synthesised and separated the first chiral derivatives of these molecules which also represents a premiere in the larger truxene family. The borazatruxenes molecules are likely to become important materials in molecular electronic devices due to their unique structure which combines areas of electron-conductance with electron-insulating domains. Further investigations into the synthesis of new borazatruxenes analogues are currently in progress in our group.
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